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GENERAL INTRODUCTION 
Different theories try to account for the repre-
sentation and storage of numbers with the common 
assumption that numbers are transformed from 
their symbolic format to an analogical quantity 
representation on the so-called mental number line 
(MNL;). On the MNL, numbers are represented in 
a continuous and quantity-based analogical format 
and are organized by their numerical proximity. 
Thus, small numbers are located on the left-hand 
side and large numbers are located on the right, at 
least in cultures with a reading direction from left 
to right1 (e.g., Moeller et al. 2009a, 2011). Although 
numbers are represented by their numerical prox-
imity, there is increasing fuzziness in the mental 
representation for larger numbers resulting in less 
precise processing of larger numbers (Dehaene and 
Mehler 1992, Dehaene 2001). However, theories 
differ with regard to the number of MNLs. The 
holistic model assumes that numbers are repre-
sented as a “whole“ on one single MNL (e.g., 
Dehaene et al. 1990, Brysbaert 1995). According to 
decompositional models (Nuerk et al. 2001, Verguts 
and Fias 2004, Ratinckx et al. 2005, Verguts and 
1 Recent studies showed that the MNL is horizontal by default by could also be re-
presented vertically when “magnitude is a salient component of the representatio-
n“(Zuber et al. 2009). For example, it has been shown that for responses defined 
in the vertical dimension, responding to relatively large numbers is faster with a 
top response and responding to relatively small numbers is faster with a bottom 
response (Shepard et al. 1975, Moeller et al. 2009b, c).
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De Moor 2005) decade and unit digits of multi-
digit numbers are represented separately on differ-
ent mental number lines that interact with each 
other. The hybrid model combines both approaches 
(Nuerk and Willmes 2005) assuming that during 
number comparisons separate but connected com-
parisons take place for the overall magnitude of the 
numbers and for the decade and unit magnitudes, 
respectively. Overall, within the last years evidence 
for the hybrid model has become overwhelming 
(e.g., Korvorst and Damian 2008, Moeller et al. 
2009a, 2011). However, detailed refinement of the 
model is still rare, for example, how do the overall 
magnitude and the individual magnitudes interact. 
A well-established technique to test and refine these 
models and to investigate the spatial representation of 
number magnitude is the number bisection task (NBT; 
Nuerk et al. 2002). The subject is asked to “bisect” an 
interval of two numbers into two equal parts to get the 
numerical mean. For example, the numerical mean of 
the interval 7 and 13 is 10. Overall, different formats of 
the NBT have been suggested: In the production task 
(e.g., Zorzi et al. 2002) subjects have to name or write 
down the numerical mean. In the multiple-choice-task 
(e.g., van Herten 1999), they have to choose the correct 
answer from several alternatives. In the verification 
paradigm (e.g., Geppert 2005) triplets of three different 
numbers are presented (e.g., 2_5_8) with the outer 
numbers (delimiters) defining the numerical interval 
and the middle number being the target. The subject 
has to decide if the target is the numerical mean or not 
by pressing one of two buttons. Some advantages and 
disadvantages have been noted for the different para-
digms (see also Nuerk et al. 2002). For example, the 
production task is sensitive to the length of syllables, 
whereas the multiple-choice task is influenced by the 
distractors, i.e., numbers that do not “bisect” the 
numerical interval and might increase variance of 
errors due to quantity and position. By contrast, the 
verification paradigm seems advantageous as there are 
only two response alternatives and reaction times are 
easy to calculate as subjects respond via button press. 
Chance performance is 50%, however, and the particu-
lar presentation of numbers may also influence perfor-
mance. In addition, beside task specific influences 
there are also other factors that have an impact on the 
performance in the NBT: (1) Multiplicativity/
Multiplication knowledge: Performance for number 
triplets from multiplication tables (e.g., 3_6_9) is better 
than for triplets in non-multiplicative trials (e.g., 5_9_13; 
van Herten 1999, Nuerk et al. 2002). (2) Parity: 
Bisection of two numbers into their numerical middle 
is only possible if the two numbers have the same par-
ity (e.g., 4 and 8 are both even numbers). Hence, 
“checking” the parity of the two outer numbers (delim-
iters) can be used as a strategy that simplifies the task 
(Nuerk et al. 2002). (3) Delimiter distance: Distance 
between the two outer numbers and gap between the 
target and the numerical mean influences performance 
(van Herten 1999). Reaction time increases with larger 
intervals (i.e., distance between the delimiters), possi-
bly because the two delimiter numbers activate a larger 
segment of the MNL (Nuerk et al. 2002). In contrast, if 
the gap between the target and the numerical mean is 
large, performance improves (Geppert 2005), i.e., it is 
easier to reject 6_7_14 than 6_9_14. To conclude, 
despite its advantages, the NBT is thus faced with a 
number of problems calling for an improvement like 
influence of parity, multiplicativity or influence of 
reading direction that might mask the main effects of 
number representation and processing. 
Hence, the first aim of the current experiments is 
the validation of a new paradigm called “Number 
Decision Task” (NDT) as efficient and alternative tool 
to investigate the representation of multi-digit num-
bers. In this modified version of the NBT, we pre-
sented three-digit numbers as a triplet. The middle 
number was the target and the other two delimiters 
defined the numerical interval. The participants were 
instructed to decide whether the target was too small 
or too large to be the numerical mean. In Experiment 
1 (pilot experiment) and Experiment 2 we used three-
digit numbers that were presented vertically to avoid 
any influence of direction bias. In Experiment 3, we 
used the same task but with two-digit numbers, in 
order to adapt the NDT for the investigation of numer-
ical representations in patients with different disorders 
(e.g., schizophrenia, depression; Liotti and Mayberg 
2001, Cavezian et al. 2007b). The advantages of the 
NDT are that using large, multi-digit numbers the 
influence of parity and multiplicativity is minimized 
(Nuerk et al. 2002). Also, if subjects are instructed to 
decide whether the target is too small or too large to be 
the numerical mean, multiplication fact knowledge 
cannot be used and the influence of parity is elimi-
nated, as parity does not help to answer the smaller/
larger question. For the validation, we focused on the 
classical effects of numerical representation, namely 
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the size and the distance effect. The size effect 
describes decreased performance if the distance 
between two numbers is constant but the numerical 
magnitude increases (e.g., it is easier to distinguish 
between 5 and 9 than between 54 and 58 even though 
the numerical distance is identical; Brysbaert 1995, 
Dehaene 2001). The distance effect refers to the fact 
that performance in numerosity discrimination 
decreases if the distance between two numbers is 
minimized (e.g., the performance is enhanced if sub-
jects have to compare 1 and 5 in comparison to 4 and 
5; Moyer and Landauer 1967), i.e., presentation and 
perception of numbers follow Weber’s law (Shepard et 
al. 1975) . If the NDT is an efficient tool, we should 
find the same effects as known from the NBT. 
The second aim is the comparison of different 
models of number representation (decomposition vs. 
hybrid) to refine current theories and accordingly, 
get insight into the representation of multi-digit 
numbers on the MNL. Recent research suggested 
that for larger numbers a decomposition is manda-
tory (e.g., Nuerk et al. 2001, Ratinckx et al. 2005). 
Korvorst and Damian (2008) assumed that “the way 
in which we categorize larger quantity information, 
by means of place-value, necessarily entails decom-
position, thereby minimizing redundancy. […] if we 
assume that decomposition occurs with larger num-
bers, then we would expect Stroop-like interference 
to be introduced between the constituent digits when 
numbers have to be compared“. To investigate this 
hypothesis that refers to the organization of the 
MNL, the influence of unit-decade compatibility 
must be tested (Nuerk et al. 2001). A two-digit num-
ber is called compatible when both the unit and the 
decade digit of one number are larger than the unit 
and the decade digit of another number (for example 
65 and 32). A pair of numbers is called incompatible 
when the decade number but not the unit number is 
larger than the decade number of another number, 
for example 65 and 37. Subjects are more likely to 
respond correctly to compatible number pairs than to 
incompatible number pairs because of a “stroop-
like” interference (Nuerk et al. 2001). In other words, 
the compatibility effect is an “inhibition effect” as 
the overall magnitude might lead to the correct 
response but is inhibited by incompatible decade/
unit magnitudes. According to the current study and 
the models of number representation, we hypothe-
sized the following effects for three-digit numbers: 
If the decompositional model is right then the per-
formance in compatible trials for decades and units 
will be better than in incompatible trials. Finally, if 
the hybrid model is the one to be retained then an 
influence of the whole number as well as an influ-
ence of compatibility for decades and for units is 
assumed, i.e., an interaction of overall and individu-
al magnitudes occur. 
EXPERIMENTS 1 AND 2 
Introduction 
The focus of interest in the first experiments was 
the examination of multi-digit numbers using the 
newly developed Number Decision Task. We hypoth-
esized that the larger the numerical interval, the more 
errors should be made, and the more time would be 
needed to respond as a larger area of the MNL has to 
be activated (van Herten 1999). Therefore, we manip-
ulated (a) the size of the interval (distance between 
the two delimiters) and (b) the size of the target dis-
tance to the numerical mean (gap), i.e., in Experiment 
1, the target distances to the mean was increased to 
keep the demands for every interval comparable and 
in Experiment 2, the target distance to the mean was 
kept constant (see Table I for the exact manipulation). 
According to the classical size effect we expected 
that the larger the number magnitude the worse the 
performance. Less clear is the prediction concerning 
the distance effect: Following the suggestion of 
Geppert (2005) the larger the gap between target and 
numerical mean, the easier the task while van Herten 
(1999) assumed that with increasing delimiter dis-
tance the performance decreases. Hence, our work-
ing hypothesis for Experiment 1 is that an interaction 
effect of gap between target and numerical mean and 
delimiter distance occurs. Furthermore, due to com-
plexity of the main analysis the responses of the 
subjects were pooled but to examine the spatial rep-
resentation of numbers, we additionally compared 
both types of responses. We suggested that if the 
target number is smaller than the real numerical 
mean between the two delimiters, the target is easier 
to reject than targets that are larger than the mean 
because subjects underestimate the real numerical 
mean and show a leftward bias (“pseudoneglect”; 
e.g., Nuerk et al. 2002, Hoeckner et al. 2008, 
Lourenco and Longo 2009). 
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Method 
Participants 
Experiment 1: Twenty-eight students were recruited 
from the Otto-von-Guericke University, Magdeburg, 
Germany (19 women; age = 23.4 years, S.D. = 3.0 
years). 
Experiment 2: Sixteen new participants were recruit-
ed (6 women; age = 24.5 years, S.D. age = 1.7 years) 
from the Otto-von-Guericke University, Magdeburg, 
Germany. 
All subjects were right-handed native speakers of 
German, had normal or corrected-to-normal vision 
and gave informed consent before participating. The 
study was approved by the local ethics committee. 
Stimuli and Design 
For the NDT, two three-digit numbers were pre-
sented to the subjects (e.g., 567 and 715), followed by a 
third number (target; e.g., 641) placed between the 
delimiters. The lower number of the delimiters (e.g., 
567) was always presented at the top of the screen, the 
higher number (e.g., 715) at the bottom. Subjects were 
instructed to decide whether the target was too small 
or too large to be the mean of the two delimiters (e.g., 
631 is too small) by pressing one of two buttons. 
Four experimental conditions were presented 
based on the delimiter distance: first interval = 
110–150, second interval = 180–220, third interval 
= 250–290, fourth interval = 320–360 (see Table I 
for the exact distances between the delimiters and 
the corresponding distances to the mean). Each 
condition comprised 60 stimuli with 30 targets 
being too small and 30 too large. For each subject 
an individual set of stimuli was generated by using 
a MATLAB® script. 
For the number triplets, both delimiters were ran-
domly generated. For the interval, four different 
distances were defined (first to fourth interval; see 
Table I). Dehaene (2001) hypothesized that the dis-
tance between the numbers has to be large if the 
same discrimination performance is to be accom-
plished as seen for small numbers. Therefore, for the 
interval we defined a minimum delimiter distance of 
111 and a maximum delimiter distance of 360. The 
exact distances were randomized within the inter-
vals (e.g., the delimiters were 567 and 715 with an 
interval size of 148, i.e., condition: first interval) and 
the numerical mean between both delimiters was 
assessed (e.g., 641). Via addition and subtraction, the 
gap (target distance to the mean) was calculated to 
obtain the response options “too small” and “too 
large”. For example, in Experiment 1 a randomized 
number between for example 8 and 12 for the first 
interval was subtracted or added to the numerical 
mean (e.g., 641 + 8 = 649). For Experiment 2 a con-
stant number was subtracted or added, i.e., two dif-
ferent constant gaps between target and real numeri-
Table I
Conditions used in the experiments
Interval Delimiter Distance Target distance to the mean 
THREE DIGIT NUMBERS Experiment 1 and A*       Experiment 2 and B* 
1st 110–150   ± 8–12 constant target distance to the mean 
(gap): ±11–15 and ±32–36 2nd 180–220     ± 16–24
3rd 250–290     ± 24–36 
4th 320–360     ± 32–48 
TWO DIGIT NUMBERS Experiment C*                     Experiment 3
1st 11–18 ± 1–2 constant target distance to the mean 
(gap): ±1–2 2nd 22–29 ± 2–4 
3rd 32–39 ± 3–6 
The exact distances between the interval numbers and the distance to the mean were chosen randomly (e.g., a random 
number between 8 and 12); * Experiment A, B and C can be found in the supplementary materials (see Appendix). 
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cal mean (±11–15 and ±32–36) were employed2 
(every interval was combined with both distances). 
For the compatibility it was ensured that 50% of 
the delimiter numbers were compatible and 50% 
were incompatible. In addition, because of the 
“Unit-Zero”-effect3 (Dehaene et al. 1990), the zero 
was replaced by a “1” within the intervals (e.g., the 
interval 130 was replaced with 131). For the delim-
iters, a random number between “11” and “19” was 
added. The ending “90” was an exception. Here, a 
number between 21 and 29 was added. 
To assess the presentation time of the number 
triplets, two pretests were conducted with five sub-
jects who did not participate in the main experi-
ment. In the first pretest, the numbers were pre-
sented for 1 000 ms (both delimiters for 1 000 ms, 
followed by the target for 1 000 ms). In the second 
pretest, the numbers were presented for 1 500 ms. 
Error rates were significantly different from chance 
for the 1 500 ms version (P<0.003) but not for the 
1 000 ms version (P=0.584). Thus, we used a 1 500-
ms presentation. 
Procedure 
The stimuli were presented in a randomized order in 
a vertical perceptual arrangement in black Arial 20 
bold font on a light grey background in the center of 
the screen. The average viewing distant was approxi-
mately 80 cm between screen and subject so that the 
visual angle occupied by each three-digit number 
would be about 2.0 × 2.0 degrees. For every subject, a 
new set of triplets was constructed. The stimulus pre-
sentation was controlled using the Presentation® soft-
ware package (Neurobehavioral Systems, http://www.
neurobs.com/). 
Each session began with a short instruction and 
practice block of 64 items. After thorough familiar-
ization (i.e., all subjects had the same amount of 
training), the main experiment took place. Each 
trial began with the presentation of the two delimit-
ers for 1 500 ms. Then, the target was shown togeth-
er with the delimiter for 1 500 ms. The triplet was 
2 Two gaps (distances to the mean) were used to ensure that the task difficulty was ne-
ither too high nor too low. The different gaps were presented in different sessions. 
3 “Unit-Zero” effect: “A number ending with a zero prompts the same reaction time as 
a number ending with five and belonging to the same decade” (Dehaene et al. 1990), 
i.e., the distance effect postulates decreasing reaction times with increasing distance 
between two numbers (e.g., if 55 is the standard number, 58 is faster than 56) but this 
not true for numbers including a zero as unit (e.g., 60; see ibid. for further discussion 
of the effect). 
replaced by a fixation cross (2 500 ms, Fig. 1). 
Subjects were instructed to press one of two buttons 
according to the target size (too small – left button, 
too large – right button) as fast and as accurately as 
possible. The button presses were executed with the 
index fingers of the left and right hand. In 
Experiment 2, each subject received both constant 
gaps in two separated sessions. The order of ses-
sions was pseudorandomized across subjects. 
Data analysis 
Raw reaction time data were trimmed by elimi-
nating responses exceeding the mean by more than 
two standard deviations, in order to reduce skew 
(Ratcliff 1993; Experiment 1: 5% of the data; 
Experiment 2: 5.7%). Paired t-tests were conducted 
comparing the error rates with chance performance 
(50%). Trimmed reaction time and error data were 
entered into a repeated-measure ANOVA with 
INTERVAL (110–150, 180–220, 250–290, and 320–
360) and COMPATIBILITY for DECADES (com-
patible, incompatible) and UNITS (compatible, 
incompatible) as within-subject factors. 
Compatibility was defined between the delimiters, 
i.e., for the interval numbers 567 and 715 both 
decades (6 vs. 1) and units (7 vs. 5) were incompat-
ible. For Experiment 2, the additional within-sub-
ject factor CONSTANT_GAP (small, large) was 
added. To assess whether the error rates or reaction 
times followed a linear trend, a contrast analysis 
was carried out. Post-hoc pairwise comparisons 
(corrected for multiple comparisons) were used to 
reveal significant differences. In an additional 
Fig. 1. Schematic display of the number decision task. After 
presenting the delimiters for 1 500 ms, the target was pre-
sented lasting 1 500 ms followed by the inter-trial interval 
(ITI).
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ANOVA the spatial representation was investigated 
by adding the within-subjects factor RESPONSE 
(too small, too large) 
For reaction time analyses, error trials were exclud-
ed (Experiment 1: 29%, Experiment 2: 30%). 
To examine the size effect, the smallest and largest 
numbers were compared, i.e., based on the largest 
number of one triplet (e.g., for the triplet 567_641_715, 
the last number is the largest) we defined three dif-
ferent number magnitudes each comprising around 
30% of all stimuli: 100–599, 600–799 and 800–999. 
In a post-hoc pairwise comparison we contrasted the 
error rates and reaction times for the smallest and 
largest number magnitudes. 
Results 
Errors 
The percentage of errors for every condition and 
both experiments differed significantly from chance 
(all P’s<0.001). 
Experiment 1: The analysis of error rates showed 
that the percentage of error decreased with increasing 
interval size (i.e., larger distance between the two 
delimiters) while incompatible trials induced more 
errors than compatible. The ANOVA revealed signifi-
cant main effects of INTERVAL, F3, 81=36.08, P<0.001, 
and COMPATIBILITY DECADES, F1,27=17.08, 
P<0.001, with more errors being made for incompati-
ble trials (32%) in comparison to compatible trials 
(28%). The interaction between INTERVAL × 
COMPATIBILITY DECADES was also significant, 
F3, 81=9.83, P<0.001. All other effects and interactions 
were not significant, F’s<1.68. To assess the possibility 
of a linear distribution of the error rates, a contrast 
analysis was carried out which revealed linear trends 
for INTERVAL, F1,27=62.09, P<0.001, 
COMPATIBILITY DECADES, F1,27=17.08, P<0.001, 
and INTERVAL × COMPATIBILITY DECADES, 
F1,27=13.56, P<0.001. In other words, the error rate 
decreased for increasing interval sizes with this effect 
being more pronounced for compatible than for incom-
patible decades. The post-hoc pairwise comparison 
revealed significant differences between all intervals 
(P<0.05) except third and fourth intervals (P=0.64), 
and a significant COMPATIBILITY DECADE effect 
for the fourth interval (19% vs. 32%; P<0.001; see 
Table II
Mean reaction times and error rates of Experiment 1, Experiment 2 and Experiment 3
Interval Mean RT S.E. RT Mean Error S.E. Error 
Experiment 1 – Increasing distance to the mean (Three-digit numbers) 
1st 1 290 ms 61ms 38% 2% 
2nd 1 229 ms 62 ms 32% 2% 
3rd 1 196 ms 62 ms 24% 2% 
4th 1 180 ms 58 ms 22% 2% 
Experiment 2 – Constant distance to the mean (Three-digit numbers) 
1st 1 338 ms 125 ms 28% 2% 
2nd 1 351 ms 125 ms 28% 3% 
3rd 1 357 ms 125 ms 30% 2% 
4th 1 368 ms 118 ms 37% 2% 
Experiment 3 – Constant distance to the mean (Two-digit numbers) 
1st 1 020 ms 72 ms 28% 4% 
2nd 1 097 ms 90 ms 30% 5% 
3rd 1 134 ms 93 ms 37% 5% 
(RT) Reaction time; (S.E.) standard error; detailed information about compatibility can be found in Figure 2. 
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Table II and Fig. 2A upper panel). The second ANOVA 
on spatial representation revealed that REPONSE had 
a main effect, F1, 27=8.44, P<0.01, with less error being 
made for “too small” (28% vs. 31%) and with a larger 
compatibility effect for “too large” in comparison to 
“too small” responses (RESPONSE × 
COMPATIBILITY DECADES, F1, 27=6.48, P<0.05; 
1.5% vs. 4.9%). The analysis of number magnitude was 
not significant (P=0.49). 
Experiment 2: In contrast to the first experi-
ment, error rates increased with increasing interval 
size while compatible trials induced less error. The 
ANOVA revealed a significant effect of INTERVAL, 
F3, 45=4.86, P<0.01, and COMPATIBILITY 
DECADES, F1,15=22.05, P<0.001, with more error 
being made for incompatible than compatible trials 
(28% vs. 33%). All other effects and interactions 
did not reach significance, F’s<2.64 (see Table II 
and Fig. 2B upper panel). The contrast analysis 
revealed a linear trend for INTERVAL, F1,15=7.14, 
P<0.05, and COMPATIBILITY DECADES, 
F1,15=22.05, P<0.001, i.e., error rates increased with 
increasing interval size for compatible and incom-
patible trials. The post-hoc analyses showed sig-
nificant differences for the first interval – small 
distance (25% vs. 32%) and for the second interval 
– large distance (25% vs. 31%). Analysis of 
RESPONSE revealed that subjects tended to make 
less errors for “too small” in comparison to “too 
large” (F1, 6=4.04, P=0.09). The analysis of number 
magnitude revealed a significant difference between 
performance for the smallest vs. the largest num-
bers (28% vs. 32%; P<0.05). 
Reaction times 
Experiment 1: The pattern of reaction times was 
similar to error rates with decreasing reaction 
Fig. 2. Results of Experiment 1, 2 and 3. (A) Results of the first experiment (increasing target distance to the mean). (B) 
Results of the second experiment (constant target distance to the mean). (C) Results of the third experiment (two-digit num-
bers, constant target distance to the mean). The upper panel shows the error rates and the lower panel the reaction times. The 
compatibility refers to the decades as the units showed no influence on reaction time or error rates. The dashed line refers to 
the main effect of interval.
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times from the first to the fourth interval. The 
ANOVA indicated a significant inf luence of 
INTERVAL, F3, 8=16.80, P<0.001, and a significant 
interaction of INTERVAL × COMPATIBILITY 
DECADES, F3, 81=5.52, P<0.005. All other effects 
and interactions were not significant, F’s<2.61. A 
significant linear trend for INTERVAL, F1, 27=22.77, 
P<0.001, indicated that reaction times decreased 
with increasing interval size. Post-hoc analyses 
revealed that the first interval differed significantly 
from all other intervals (P<0.005) as reaction times 
were slowest for the first interval and fastest for the 
fourth interval. The COMPATIBILITY DECADES 
was only significant for the fourth interval (1 134 
ms vs. 1 229 ms; P<0.001). The second ANOVA 
revealed a trend for the interaction between 
RESPONSE and COMPATIBLITY DECADES, 
F1,26=2.97, P=0.10, with a larger compatibility effect 
for “too small” in comparison to “too large” (31 ms 
vs. 1 ms). The magnitude of numbers had no influ-
ence on performance. See Table II and Figure 2A 
lower panel for mean reaction times. 
Experiment 2: Reaction time analysis revealed 
nearly no changes in reaction times for the differ-
ent intervals. The ANOVA showed a significant 
interaction of INTERVAL × COMPATIBILITY 
DECADES, F3,36=3.49, P<0.05, and a trend for the 
main effect of COMPATIBILITY DECADES, 
F1,12=4.34, P=0.06, with compatible trials being 
faster than incompatible trials. All other main 
effects and interactions were not significant, 
F’s<2.33, P>0.11. The contrast analysis showed no 
significant linear trends and RESPONSE had no 
influence on reaction times. However, there was a 
trend for reaction time difference related to number 
magnitude (1 406 ms vs. 1 429 ms; P=0.09) 
Discussion 
The first two experiments had the aim to validate 
and explore the effects of the NDT and to investigate 
the processing of multi-digit numbers. 
In the first experiment, the results revealed that 
reaction times and error rates decreased with increas-
ing interval size, i.e., the larger the distance between to 
delimiters the better the performance of subjects. 
These results suggest that if the gap between target and 
mean increases as a function of interval size, trials 
with large a gap between target and numerical mean 
(and consequently, large delimiter intervals) become 
the easiest trials (c.f., the distance effect; Moyer and 
Landauer 1967, Dehaene et al. 1990). In contrast, num-
ber magnitude had no influence on performance, i.e., 
for Experiment 1 the size effect was not found. Beside 
interval size, decade compatibility was highly signifi-
cant for error rates and interacted with interval size for 
reaction times. Hence, for compatible trials a strong 
influence on subjects’ decision could be found with 
performance improving with growing interval size. 
Taken together, the first experiment supports the 
hybrid model featuring “overall” as well as “decade” 
number representations whereas the decompositional 
model is unable to explain the results. However, it 
remained unclear whether increasing interval size or 
larger distances to the mean caused better perfor-
mance. 
To investigate this question we conducted a second 
experiment with constant gaps to the mean (gap: 
±11–15 or ±32–36) to examine the effect of interval 
size. In contrast to the first experiment, we found 
decreasing performance with increasing intervals. 
Thus, when target gaps to the mean are held constant 
(independent of small or large constant gap), van 
Herten s´ (1999) assertion, that reaction times and error 
rates increase with growing interval sizes, is supported 
(at least for error rates). Furthermore, taken number 
magnitude into account, the performance of subjects 
decreased with increasing number magnitude (c.f. size 
effect; Brysbaert 1995). Again, performance was bet-
ter if decades were compatible but there was no influ-
ence of the compatibility of units. 
In the first two experiments, stimuli were presented 
in a vertical arrangement. The results showed that 
increasing distances to the mean mask the effect of 
interval size, i.e., the distance effect is also true for 
three-digit numbers (Experiment 1), and that – when 
distances to the mean are held constant – increasing 
interval size leads to increasing error rates and reac-
tion times with more errors being made for larger 
numbers (size effect; Experiment 2). Moreover, decade 
compatibility but not unit compatibility had an influ-
ence on behavior which supports the hybrid model 
(Nuerk and Willmes 2005) featuring an “overall” 
number representation and, in addition, a representa-
tion of decades on a separate MNL. However, the lack 
of a unit effect might be due to the fast presentation of 
the numbers as well as the size of the numbers, i.e., it 
was not necessary to process the unit number to solve 
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the task. Furthermore, the overall pattern on spatial 
representation of multi-digit numbers analyzed by 
response format replicated earlier findings that sub-
jects made fewer errors for numbers smaller than the 
real numerical mean, i.e., the target is easier to reject 
than targets that are larger than the numerical mean 
(e.g., Nuerk et al. 2002, Hoeckner et al. 2008). This 
result shows that effects on the MNL are comparable 
between the NBT and the NDT as both lead to a left-
ward bias in healthy controls (“pseudoneglect”; e.g., 
Lourenco and Longo 2009). 
To exclude any influence of stimulus arrangement 
(i.e., the influence of perceptual encoding effects 
related to the presentation of numbers in terms of col-
umn-wise comparisons; Nuerk et al. 2004) we con-
ducted two replication experiments using a horizontal 
arrangement of numbers (Experiment A and B in 
Appendix). Again, increasing performance was found 
for increasing target gap to the mean and decreasing 
performance for increasing interval sizes (with target 
gap to the mean held constant). However, the effect of 
target gap to the mean masking the impact of interval 
size was more pronounced when stimuli were pre-
sented vertically suggesting a strong influence of num-
ber magnitude on task performance (Zuber et al. 
2009). 
While the previous experiments demonstrated 
robust effects of target distance to the mean and inter-
val size, the multi-digit numbers used in these experi-
ments render the task too difficult for use in patient 
populations. As the NDT avoids common problems 
inherent in the number bisection task (see introduc-
tion), we performed a further experiment with two 
digit numbers to investigate visual-spatial perception 
and make it usable for patient groups. The rationale 
behind is that, for example, also patients with psychi-
atric disorders like depression or schizophrenia show a 
bias (“pseudoneglect”) either to the left or right hemis-
pace (e.g., Asthana et al. 1998, Cavezian et al. 
2007a,b). 
EXPERIMENT 3 
Introduction 
For the third experiment, the gap between the target 
and the numerical mean was held constant (±1–2). 
Furthermore, the timing was changed in order to sim-
plify the task. 
Method 
Participants 
Fourteen new healthy subjects (7 women; age = 29.4 
years; S.D. = 2.9 years) were recruited from the staff 
of the RWTH Aachen University Hospital. All partici-
pants were native German speakers, right-handed 
according to the Edinburgh Inventory of Handedness 
(Oldfield 1971). The study was approved by the local 
ethical committee and participants all signed a written 
informed consent prior to participation. 
Stimuli and design 
In the modified version of the NDT, two-digit num-
bers were presented in a vertical arrangement with a 
constant target distance to the mean and varying inter-
val sizes. First, an attention cue (fixation cross) was 
presented for 500 ms. Then the two delimiters that 
constitute the interval were shown for 1 000 ms fol-
lowed by the target stimulus (1 000 ms). The number 
triplet was replaced by a hash mark that was shown for 
a jittered time range of 4 000–5 000 ms (Gilmore et al. 
2007). Three conditions were presented (see Table I): 
first interval = 11–18, second interval = 22–29, third 
interval = 32–39. The target distance to the mean was 
held constant by adding or subtracting 1–2 from the 
real numerical mean. 
Procedure and data analysis were identical to 
Experiment 1 (7% of the data were excluded because 
they exceeded the mean by more than two S.D.; 30% 
were excluded for reaction time analyses). For the pair-
wise comparison of number magnitude, numbers 
between 11 and 59 were compared with numbers 
between 80 and 99. 
Results 
Errors 
Error rates were different from chance for all three 
intervals (all P<0.05) and increased with increasing 
interval sizes. Analysis of variance showed that 
INTERVAL had a significant influence on error rates, 
F2, 2=3.70, P<0.05. All other effects and interactions 
were not significant, F<2.1, P>0.18. Additionally, 
error rates increased in a linear fashion with increasing 
INTERVAL, F1, 11=8.11, P<0.05, with a significant dif-
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ference between first and third interval (27% vs. 38%, 
P<0.05; see Fig. 2C upper panel). The analysis of 
responses revealed an interaction between RESPONSE 
× INTERVAL, F2, 22=3.36, P=0.06, with the first inter-
val showing less error for “too large” while second and 
third interval showed less error for “too small”. 
Furthermore, larger numbers induced more errors than 
smaller numbers (28% vs. 33%; P<0.05). 
Reaction times 
The factor INTERVAL induced an increase in reac-
tion time. INTERVAL, F2, 22=11.07, P<0.001, and 
COMPATIBILITY, F1, 11=9.60, P<0.01, had a signifi-
cant influence on reaction times. The interaction 
between INTERVAL × COMPATIBILITY was sig-
nificant, F2, 22=4.19, P<0.05. Reaction times increased 
linearly from first to third interval, F1, 11=15.18, P<0.005, 
with a fast increase between first and second interval 
for compatible trials and an increase for incompatible 
trials between the second and the third interval (inter-
action INTERVAL × COMPATIBILITY: F2, 22=6.22, 
P<0.05). The pairwise comparisons revealed a differ-
ence between first and second interval (1 018 ms vs. 
1 091 ms; P<0.01) and first and third interval (1 018 ms 
vs. 1 137 ms; P<0.01; see Table II and Fig. 2C lower 
panel). In the second ANOVA, the main effect of 
RESPONSE showed a clear trend, F1, 11=4.60, P=0.06, 
with slower reaction times for “too small” in compari-
son to “too large” responses (1 111 ms vs. 1 065 ms). 
Number magnitude had no influence on reaction 
times. 
Discussion 
As expected, performance was worse with growing 
interval size if the target gap to the mean was held 
constant and in general, the leftward bias in subjects 
could be replicated with less errors being made for the 
“too small” response (only for second and third inter-
val). For error rates, the size effect was replicated. 
Thus, the results are in line with the earlier experi-
ments and underscore the importance of considering 
the target gap to the mean. Moreover, subjects were 
faster in compatible trials as compared to incompatible 
trials (mainly in the first interval) maybe because “the 
magnitudes of the decade and the unit distances influ-
ence the compatibility effect in a specific way and in a 
reverse direction. Small decade distances and large 
unit distances tend to lead to the largest compatibility 
effects“ (Nuerk and Willmes 2005). 
In an additional experiment (Experiment C in 
Appendix) we also investigated the influence of the 
target distance to the mean in the two-digit number 
version of the NDT. Again, a linear trend for decreas-
ing reaction times with growing interval size was 
observed but no effect was found for error rates. 
However, also for two-digit numbers, there seems to 
be a “masking effect” of increasing target gap to the 
mean on interval sizes. Importantly, Experiment 3 
demonstrates that the NDT works efficiently for two-
digit numbers. 
GENERAL DISCUSSION 
The main aims of the current experiments were (a) 
the exploration and validation of the NDT as efficient 
tool to investigate numerical processing in its two- as 
well as three-digit versions and (b) to compare the dif-
ferent models of number representation. Thus, in three 
main Experiments we investigated the influence of 
interval size, target gap to the mean (distance effect), 
number magnitude (size effect), compatibility and spa-
tial representation (response format). Experiment 1 
showed decreased error rates and reaction times with 
increasing interval size, whereas Experiment 2 revealed 
that with constant target gaps to the mean, error rates 
and reaction times increased with growing interval 
size. Hence, target gap to the mean and distance effect, 
respectively, may mask the effect of interval. Results 
of Experiment 3 moreover showed that the modified 
version of the NDT with a vertical arrangement also 
works with two-digit numbers. Compatibility of 
decades is important for three-digit numbers as sub-
jects were faster and more accurate in compatible trials 
(for a summary of all results, please see Table I in the 
Appendix). 
Vertical stimulus arrangement yielded more 
clear-cut results than horizontal display (see addi-
tional results in the supplemental materials) maybe 
because reading direction is confounding results 
with horizontal arrangements. Indeed, data from 
different visuospatial tasks suggest that reading 
direction has an impact on performance (Kazandjian 
and Chokron 2008). Also, participants may be more 
prone to calculate rather than estimate their respons-
es for horizontally arranged stimuli. However, the 
NDT seems to confirm classical effects of the NBT 
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(e.g., distance effect, size effect) by avoiding impor-
tant disadvantages (see Table III for comparison of 
both tasks) and additionally, compared to the classi-
cal number comparison task, the information that 
can be obtained by the NDT are not limited as we 
are able to manipulate different conditions like 
interval size, gap between target and numerical 
mean, number magnitude and compatibility. 
The second aim of the experiments was related to 
the organization of the MNL in terms of compatibility 
and different theoretical models. Importantly, the com-
patibility effects as well as the interaction between 
compatibility and increasing interval sizes support 
earlier results showing that numbers are not repre-
sented on one single MNL but rather on separate 
MNLs for unit and decade digits. Decade compatibil-
ity in particular had an influence on performance, 
highlighting the role of decades in numerical process-
ing of three-digit numbers. In contrast to the study of 
Korvorst and Damian (2008), we did not find an effect 
of unit compatibility. In their study, they asked partici-
pants to compare two three-digit numbers (number 
comparison task) and choose the larger one while com-
patibility was manipulated. The results of the study 
showed that compatibility effects for units were only 
present when the decades were compatible (Korvorst 
and Damian 2008). In post-hoc analyses we therefore 
looked for an interaction of unit and decade compati-
bility but still could not find a unit compatibility effect. 
At the very least this suggests that unit compatibility 
exerts only a weak effect that may be dependent on the 
specific paradigm used. 
In addition, the analysis of spatial representation via 
investigation of responses showed that subjects under-
estimate the real numerical mean and respond “too 
large” more often leading to more errors (“pseudone-
glect”). Hence, the results support the compressive 
rather than linear representation of multi-digit num-
bers. First, the subjects estimate whether the target is 
too small or too large and hence, no precise determina-
tion of the numerical mean is necessary. Second, 
Lourenco and Longo (2009) suggested that linear scal-
ing is only necessary when “precise discriminations 
are […] necessary for larger numerical values […] 
where compressive scaling would most certainly lead 
to biased judgments” like the ones we found in the cur-
rent study. 
Limitations 
The aims of the study were the validation of the 
NDT as well as the investigation of representation of 
Table III
Comparison of NDT and NBT
NDT  NBT
ADVANTAGES
Two response alternatives x x 
Assessment of 
    - reaction times 
    - error rates 
x 
x 
x 
x 
Suitable for different number sizes x x 
Suitable for different patient groups x x 
Assessment of classical number effects (e.g., size effect, distance effect, compatibility) x x 
DISADVANTAGES 
Sensitive to factors independent from number processing (e.g., influence of presentation format) x 
Chance performance of 50% x x 
Multiplicativity x 
Parity x 
(NBT) Number bisection task – Verification version; (NDT) Number decision task 
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multi-digit numbers and the comparison of different 
models. However, with the current design we might 
not be able to exclude possible influences of arithmetic 
or estimation processes. Estimation can be defined as 
“ability to determine approximate numerostiy of stim-
ulus sets in a manner that is appropriate when exact 
representations are […] not possible” (Beran et al. 
2006). Following this suggestion, we would not expect 
specific effects like compatibility of decades or effects 
of decade because of the fuzziness of number repre-
sentation. Hence, estimation processes might influ-
ence the current results but results are comparable with 
results from the classical NBT so that the impact of 
estimation is minimized. 
CONCLUSIONS 
The current experiments as well as the results by 
Korvorst and Damian (2008) argue for a decomposi-
tion of multi-digit numbers. The question remains 
whether the hybrid or the strict decomposed model 
better accommodates the current results. As the decom-
posed model proposes an explicit effect for decades 
(which we found) as well as for units (which we did not 
find), the current set of experiments rather argue for 
the hybrid model and a interaction of overall with indi-
vidual magnitudes even for three-digit numbers. 
More generally, the NDT has many advantages over 
the usual NBT. Neither the use of well-learned multi-
plication tables nor parity information has a beneficial 
influence on performance. The NDT is an efficient 
tool to investigate spatial (numerical) representations 
in healthy subjects as well as different patient groups 
(Cavezian et al. 2007b) and works in two and three 
digit versions. The current results support the hybrid 
model of Nuerk and Willmes (2005) as multi-digit 
numbers appear to be represented on several mental 
number lines that interact with each other. 
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APPENDIX
Additional experiments on the Number Decision 
Task 
The goal of the following experiments was to inves-
tigate whether the results of the main experiments 
were replicable when stimuli were presented horizon-
tally, i.e. to exclude any possible influence of stimulus 
orientation. The prediction was that if the orientation 
of the triplet (i.e., horizontal or vertical) has no influ-
ence, the same results as in the first two experiments 
should be found. Otherwise, the results should differ in 
specific patterns like the target distance to the mean or 
the interval size. Both experiments (increasing target 
gap to the mean and constant target gap to the mean) 
were executed with horizontal stimulus presentation. 
Experiment A 
The experiment was equivalent to Experiment 1 but 
in contrast to the first experiment, the numbers were 
presented horizontally. We hypothesized that results of 
Experiment 1 should be replicated if triplet orientation 
has no influence on performance. Contradictory to our 
hypothesis, there was no “linear” decrease of error 
rates but error rates differed significantly between the 
first and the last interval, i.e., there was an “overall” 
trend for linearity of error rates (P=0.09; however 
effect of interval was significant: F3,93=6.59; P<0.001). 
Reaction time analysis shows that reaction times 
decrease with increasing interval size (main effect of 
interval: F3,93=6.47; P<0.001). This decrement in reac-
tion time is especially pronounced between first and 
second interval (P<0.05). For compatibility, the results 
showed that subjects are faster (main effect of compat-
ibility on RT: F3,92=47.88; P<0.001) but not better in 
compatible in comparison to incompatible trials (inter-
action interval × compatibility: (F3,96= 4.46; P<0.05). 
Although analyses yielded results that support our 
hypotheses, the general picture of the current experi-
ment is not as clear as the results of vertical stimulus 
representation. 
Experiment B 
The aim of the experiment was the replication of 
Experiment 2. Thus, the distance between target 
stimulus and real numerical middle ranged from ±11 to 
±15. Analyses showed that interval had a significant 
influence on error rates (F3,96=8.88; P<0.001) and reac-
tion times (F3,96=5.56; P<0.005). In accordance with 
our hypothesis, error rates and reaction times increased 
in third and fourth interval with highest values in 
fourth interval. In contrast, error rates and reaction 
times decreased from first interval to second interval. 
One possible explanation could be that subjects tried to 
calculate the correct response in trials falling into first 
interval because the first interval seemed to be “easi-
er” than the other three leading to enlarged reaction 
times. Although the results of the second interval are 
difficult to explain the general picture tends toward 
our expectations: subjects made more errors and need 
more time in the course of first to fourth interval. 
Regarding compatibility, there was neither an effect on 
reaction times nor on error rates. 
Experiment C 
The following experiment was done to expand the 
methodological establishment of the NDT as an effi-
cient tool to investigate numerical processing of multi-
digit numbers. Therefore, in contrast to the previous 
experiments, we used two-digit numbers and presented 
them vertically. In Experiment C, the distance between 
target and numerical mean was increased. Furthermore, 
timing was changed to simplify the task making it 
applicable in different subject populations and testing 
situations. We hypothesized that this modified version 
of the NDT (vertical presentation of two-digit num-
bers) works effectively with two-digit numbers, show-
ing that the effect of interval size is masked by target 
distance to the mean. The results revealed that interval 
had a significant influence on error rates (F2, 24=7.14; 
P<0.01) and reaction times (F2, 24=39.94; P<0.001) with 
(mainly) increasing performance with growing inter-
val size.
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